We have developed a high-field and high-frequency ESR system using a commercially available magnetometer equipped with the superconducting quantum interference device (SQUID). This is magnetization detection type ESR and ESR is observed as a change of the magnetization at the resonance condition under irradiation of the electromagnetic wave. The frequency range is from 70 to 315 GHz and the maximum magnetic field is 5 T. The sensitivity is estimated to be 10 13 spins/G. The advantage of this system is that the high-field ESR measurements can be made very easily and quantitatively. Moreover, this high-field ESR can be applied to the measurements under pressure by using a widely used piston-cylinder pressure cell.
Introduction
High-field and high-frequency ESR measurement is one of the major trends in the ESR spectroscopy recently, because it has several advantages as compared with conventional X-band (~10 GHz) ESR system [1] [2] [3] [4] [5] [6] [7] . The advantages are high resolution of the g-value, observation of a broad line, observation of resonance with a large zerofield splitting, and so on. However, it is not always easy and convenience to operate such high-field ESR system for all researchers who desire high-field ESR spectra. In this study, we have developed a high-field and highfrequency ESR system which can be used very easily. The system uses a commercially available magnetometer equipped with the superconducting quantum interference device (SQUID). ESR is detected as a change of the magnetization at the resonance condition under the irradiation of the electromagnetic wave. Such magnetization detection type ESR using a commercial SQUID magnetometer was reported by Cage et al. first [8] , and we have improved the sensitivity [9] . The most characteristic feature of this ESR measurement is that ESR measurement can be made quantitatively and very easily. Moreover, the system can be applied to the high pressure ESR measurement without difficulty by using a piston cylinder pressure cell. This is another advantageous point as compared with other ESR systems because the high-pressure ESR usually needs specialized equipments [10] [11] [12] [13] [14] [15] [16] [17] [18] . In this paper, we show the outline of the system and its application example. And, we also show the high-pressure ESR measurement by this system. These results demonstrate clearly that this ESR system provides a very useful technique to observe spin system microscopically even under the pressure.
Outline of System and Application Example
The principle of the magnetization detection type ESR using SQUID magnetometer is as follows. When the magnetic field H is swept under the irradiation of the electromagnetic wave with the frequency ν and the resonance condition hν = gμ B H is satisfied, the resonance occurs, where h is the Planck constant, g is the g factor and μ B is the Bohr magneton. The spins are excited and the transition occurs under the constraint of the selection rule |ΔS z | = 1, for instance, from the S z = −1/2 state to the S z = 1/2 state for the S = 1/2 system. This implies that the magnetization also changes because the magnetization M is given by M = M 0 (n −1/2 -n 1/2 ) for the S = 1/2 system, where M 0 = Ngμ B , N is the total spin number, and n −1/2 and n 1/2 are the populations for the levels of S z = −1/2 and S z = 1/2, respectively. If the spins NΔn are excited from the S z = −1/2 to the S z = 1/2 at the resonance condition, the magnetic moment decreases by ΔM = 2M 0 Δn. If such magnetization change ΔM can be detected, we can observe the ESR signal. The magnetization detection type ESR using SQUID magnetometer is the system which observes such magnetization change ΔM by the SQUID magnetometer, which is abbreviated as SQUID-ESR hereafter. Figure 1 shows the schematic diagram of the high-field and high-frequency SQUID-ESR system using a commercial SQUID magnetometer. MPMS (Quantum Design, Inc.) is used as the SQUID magnetometer. The maximum magnetic field is 5 T. The sample rod also works as a light pipe. The sample is set in a straw as usual and it is attached to the end of the light pipe. This sample rod was made of stainless and its inner and outer diameters are 5.4 and 6.0 mm, respectively. In the Cage's system the light pipe with smaller diameter (inner and outer diameters are 2.54 mm and 3.175 mm, respectively) was used [8] . On the other hand, we found that the sensitivity improves by increasing the diameter of the light pipe because the loss of the electromagnetic wave power due to reflection in the inside of the light pipe is suppressed [9] . The minimum detectable spin number was estimated as 10 13 spins/G at 105 GHz (output power 52.5 mW) and 1.8 K for the above mentioned 6.0 mm light pipe while it was 10 14 spins/G for the light pipe with almost the same diameter with that used in the Cage's system. The improvement of the sensitivity by about one order has been achieved in this study. Although the sensitivity of 10 13 spins/G is not necessarily high as compared with the X-band ESR system (typically its sensitivity is about 10 10 spins/G), the SQUID-ESR has several advantages as mentioned later. Gunn oscillators are used as electromagnetic wave sources and they are set at the top of the light pipe. We confirmed that the ESR measurements can be performed in the frequency range from 70 to 315 GHz by changing the Gunn oscillator [9] . It should be noted that the operation of MPMS for the SQUID-ESR measurement is the same with that for usual magnetization measurement. Figure 2 shows typical SQUID-ESR spectra obtained by this system. A well-known organic radical compound 2, 2-diphenyl-1-picrylhydrazyl (DPPH) was used as a sample. The dotted line is the magnetization curve of DPPH and it is obtained by usual magnetization measurement. On the other hand, the solid lines are obtained under irradiation of the electromagnetic wave. The sharp decreases were observed and these decreases are due to the spin excitation at the resonance condition as is mentioned above. The intensity of the ESR signal depends on the output power of the Gunn oscillator mainly. Thus, the ESR signals were observed very clearly by this SQUID-ESR system.
The total spin number of DPPH obtained from its mass is usually overestimated because of deactivation of radicals in the sample. However, the accurate number N can be estimated in this measurement by fitting the Brillouin function M = M 0 tanh(gμ B H/k B T) to the magnetization curve with directly obtained g-value from the resonance field. From this fitting we obtained spin number N accurately and about 70% of radicals were found to remain active. We can also calculate the populations n −1/2 and n 1/2 by using this spin number N and the relation M = M 0 (n −1/2 -n 1/2 ) as shown in Fig. 3 . At the corresponding field to the frequency of 80 GHz (~2.8 T), for instance, the S z = −1/2 and the S z = 1/2 levels are occupied by about 90% and 10%, respectively, when the electromagnetic wave is not irradiated as shown by the dotted lines in Fig. 3 . On the other hand, the population of the S z = −1/2 level decreases to about 60% and that of the S z = 1/2 level increases to about 40% due to the ESR transition under the irradiation of the electromagnetic wave as shown by the solid lines in Fig. 3 . These analyses demonstrate that the ESR measurement can be made quantitatively by this SQUID-ESR system and this is advantage as compared with other conventional ESR measurements.
Application to high-pressure measurement
Next we show the application of this SQUID-ESR system to the high-pressure ESR measurement. The pressure is one of the most important parameters in the solid state physics because it changes the interactions between the electron spins continuously and it sometimes leads to novel physical phenomena [19] [20] [21] [22] . Although high-pressure ESR is a powerful means to observe the spin system subjected to the pressure microscopically, it usually needs specialized equipments [10] [11] [12] [13] [14] [15] [16] [17] [18] . On the contrary, the SQUID-ESR can be applied to the high-pressure ESR very easily. For the high-pressure ESR measurement, the combination of the SQUID-ESR system and the pistoncylinder pressure cell as shown in Fig. 4 is used. The pressure cell shown in Fig. 4 , which was originally developed by Uwatoko et al. [23] , is very widely used for the magnetization measurement and it is recently commercially available. The cylinder and clamping bolts are all made of non-magnetic CuBe alloy. In order to introduce the electromagnetic wave into the sample space, the upper inner parts made of CuBe alloy were replaced by those made of ZrO 2 which was already known to have relatively good transmittance of electromagnetic wave [24] as shown in Fig. 4 . This pressure cell is connected to the end of light pipe. Figure 5 is typical high-pressure SQUID-ESR spectra by this system. The sample is an S = 1 paramagnet NiSnCl 6 ·6H 2 O whose magnetic ion is Ni
2+
. Due to the crystal field surrounding this magnetic ion, the energy splitting occurs at zero field, which is called as the zerofield splitting and characterized by the D-value, between the S z = 0 state and the S z = ±1 states and this causes the signal splitting as shown in the inset of Fig. 6 . We already found that the D-value increases as the pressure is increased for this material [24] . The dotted and solid lines in Fig.  5 were obtained when the electromagnetic wave was not irradiated and irradiated, respectively. There are two discrepancies between the dotted and solid lines at around 3.0 and 3.7 T obviously at 0 kbar and these two discrepancies are also seen at around 2.8 and 4.1 T at 4.4 kbar. In order to see these changes clearly we subtract the magnetization data obtained without irradiation from that obtained with irradiation as shown in Fig. 6 . It shows clearly that the two signals are observed and the splitting width of these two signals becomes larger at 4.4 kbar. This is concluded to be due to the increase of the D-value by applying the pressure. It should be noticed that the magnetization was suppressed under pressure as shown by the dotted lines in Fig. 4 . It is caused by the increase of the D-value under pressure and this fact is consistent with the ESR measurements. Thus, the high-pressure SQUID-ESR measurements have been performed by the combination of the SQUID-ESR system and the widely used piston-cylinder pressure cell, which was modified so that the electromagnetic wave can be introduced. Another important point is that the well-established pressure calibration method was used in this system. The change of the superconducting transition temperature of tin under pressure, which is one of the most reliable pressure calibration methods, can be applied in this system. As shown in Fig. 4 tin is also set in the sample space of the pressure cell and the superconducting transition temperature of tin is determined from its temperature dependence of the magnetic moment. The high-pressure SQUID-ESR measurement and the pressure calibration can be continuously done and it is very convenient. The pressure of 4.4 kbar in this experiment was obtained by this calibration method. Recently, we have developed a new pressure cell for the SQUID-ESR measurement. We have achieved the maximum pressure of 15 kbar by this new cell and the sensitivity has been also improved. Its detailed description will appear elsewhere [25] .
Summary
We have developed a high-field and high-frequency ESR system using commercially available SQUID magnetometer. The maximum magnetic field is 5 T and the frequency range is from 70 to 315 GHz. We have improved the sensitivity and it was estimated as 10 13 spins/G at 105 GHz and 1.8 K. The system was found to provide us a very useful high-field ESR technique by which ESR measurement can be done quantitatively and very easily. Moreover, we confirmed that this ESR technique can be applied to the high pressure ESR measurement by using the widely used piston cylinder pressure cell. One of the characteristic features of this high-pressure SQUID-ESR system is that the well-established pressure calibration method can be used in addition to the easy handling. 
